Pituitary growth hormone (GH)-secreting cells regulate growth and metabolism in animals and humans. To secrete highly ordered GH pulses (up to 1,000-fold rise in hormone levels in vivo), the pituitary GH cell population needs to mount coordinated responses to GH secretagogues, yet GH cells display an apparently heterogeneous scattered distribution in 2D histological studies. To address this paradox, we analyzed in 3D both positioning and signaling of GH cells using reconstructive, two-photon excitation microscopy to image the entire pituitary in GH-EGFP transgenic mice. Our results unveiled a homologous continuum of GH cells connected by adherens junctions that wired the whole gland and exhibited the three primary features of biological networks: robustness of architecture across lifespan, modularity correlated with pituitary GH contents and body growth, and connectivity with spatially stereotyped motifs of cell synchronization coordinating cell activity. These findings change our view of GH cells, from a collection of dispersed cells to a geometrically connected homotypic network of cells whose local morphology and connectivity can vary, to alter the timing of cellular responses to promote more coordinated pulsatile secretion. This large-scale 3D view of cell functioning provides a powerful approach to identify and understand other networks of endocrine cells that are thought to be scattered in situ. Many dispersed endocrine systems exhibit pulsatile outputs. We suggest that cell positioning and associated cell-cell connection mechanisms will be critical parameters that determine how well such systems can deliver a coordinated secretory pulse of hormone to their target tissues.
M
any endocrine responses are episodic in nature. One of the best characterized responses is the release of growth hormone (GH) from GH-secreting cells (the major population of endocrine cells in the pituitary gland), which regulates body growth and metabolism (1) . At present, functional assessment of GH cells is based on cell numbers and activities (1, 2) . However, this current concept faces a paradox. The GH cell population in the pituitary produces massive GH pulses in response to physiological needs (up to a thousand-fold increase in GH concentration) (3) (4) (5) whereas the pulses are much smaller when GH cells are studied out of their tissue context (6) . The functional organization of GH cells that might explain the coordinated responses of the thousands of individual GH cells located within the gland is, however, poorly understood. No converging view has emerged from previous histological studies that showed most pituitary endocrine cell types heterogeneously distributed and scattered throughout the mammalian gland parenchyma in what seemed to be a random mosaic fashion (2, 7) .
To overcome the difficulty of interpreting 3D-like representations from serial thin tissue sections, we directly visualized and monitored activities of identified pituitary cells in the intact tissue. The production of GH-GFP transgenic mice made it possible to identify and locate the 3D position of every identified GH cell in the pituitary gland, by using a combination of two-photon excitation microscopy and off-line reconstruction and analysis, and to study activity in multiple living GH cells, identified in 3D space. Thus, we discovered a functional GH cell network that wired the whole gland and underwent geometry-driven changes that correlated with the activity of the GH axis.
Methods Multiphoton Imaging of GH-EGFP Pituitaries.
In fixed pituitaries, fluorescence images were acquired in x-y mode with a Zeiss LSM 510 NLO confocal system (ϫ25 oil immersion, numerical aperture (N.A.) ϭ 0.8). Multiphoton excitation was achieved with a 5-W Mira͞Verdi pulsed TI͞sapphire laser (Coherent, Orsay, France) tuned at 840 nm (pulse duration of Ϸ150 fs and bandwidth of Ϸ8 nm). The emitted fluorescence was recorded at 520 nm (8, 9) . In some experiments, high-pressure cardiac perfusion was performed before tissue fixation peroxidase immunostaining and electron microscopy as described (10) . performed two complementary statistical tests. First, a motif was detected when R mean was higher than a threshold level (P Ͻ 0.001). To determine the P value of the statistic, we computed the distribution of the statistic under the null hypothesis of independent R values. In a second test, we questioned whether a motif corresponded to a significant change between subsequent R means (ANOVA pair-wise test). We also classified the numbers of connected cell pairs within time windows (P Ͻ 0.001). When two groups of index windows were compared (two-sample t test, P Ͻ 0.05), we selected two subsequent periods of 30 min each [control ϩ GH-releasing hormone (GHRH) exposure versus post-GHRH].
Results and Discussion
A Continuum of Connected GH Cells Wires the Whole Anterior Pituitary. Fixed GH-EGFP pituitaries from adult male GH-EGFP mice were imaged in serial steps to a depth of 200 m from the pituitary capsule surface. It became apparent that almost all of the fluorescent (GH) cells were in close contact with other fluorescent cells, seeming to form a homotypic connected 3D cell continuum ( Fig.  1A ; see Movie 1, which is published as supporting information on the PNAS web site). This cell system consisted of numerous intercrossing strands of single GH cells, with larger clusters of GH cells positioned at the intersection of the strands (Fig. 1B) . Pituitary-wide stacks of two-photon images were then collected for morphometric analysis in 3D, by using surface rendering of fluorescent voxels to reveal the extent of apposition of GH cells (Fig. 1C , n ϭ 5). These data confirmed that all GH cells, even those that appear in random 2D sections as isolated cells or in small islets (2, 7), actually form a connected 3D multicellular GH cell system throughout the gland.
Because GH cells in the pituitary gland make up the largest population of pituitary cells (7), some degree of homotypic apposition would be expected by chance and is not evidence per se of a tightly linked GH cell system. To address this question, we used a high-pressure, in vivo perfusion procedure to scatter cells with loose contacts and then examined those clusters of cells that remained in contact. After this procedure, both two-photon imaging of GH-GFP cells (data not shown) and immunoelectron microscopy of GH-positive cells (Fig. 1D, n ϭ 4) showed that large portions of the GH system remained connected, with many homotypic GH cell assemblies that resisted disaggregation. These GH cell assemblies had closely apposed membrane contacts (Fig. 1E) , with junctional complexes immunopositive for ␤-catenin, (Fig. 1E Inset, n ϭ 3) , suggesting that the strands and clusters of GH cells are linked with focal adherens junctions.
Robustness of the GH Cell System Across Lifespan. The distribution of GH cells was examined in pituitaries from GH-GFP mice over their lifespan. Once EGFP signals were detectable in the first few cells expressing GH in pituitaries during embryogenesis (12) , 3D imaging uncovered organized strands of GH-EGFP cells (Fig. 2) (six of eight 15.5-day-old embryos). Then, a unique continuum of contacting GH cells forms within the parenchyma within 1 day (seven of seven 16.5-day-old embryos). This networking process coincides with the profound increase in both GH synthesis (13) and secretion (data not shown), and expression of GH secretagogue receptors at this age (14, 15) . After birth, a unique ensemble of contacting GH cells was constantly observed in pituitaries until 24 months of age, thus suggesting that the presence of a GH cell continuum covers the whole lifespan of GH secretion (16) .
Reversible Plasticity of the GH Cell System Architecture. We observed consistent differences in the GH cell strand and cluster densities in different regions of the gland and evident plasticity of the GH system architecture across lifespan. For example, in young adult (60-day-old) males, large GH cell clusters were much more prominent in the lateral zones of the gland, than in the median zone surrounding the stalk (Fig. 3A) . Quantitative analysis of relative amount and density of GH cells in cell clusters versus cell strands in the lateral versus medial zones of each gland from groups of animals at different ages was performed by calculating the volume- to-surface (V͞S) ratios of the GH cell systems in each location. These results revealed that the geometry of the system varied markedly and reversibly from early postnatal life, through sexual maturation, to late adulthood (Fig. 3B) . In prepubertal animals, the patterning of the GH cell system was similar in both zones, giving the same V͞S ratios. From 30-80 days, the V͞S ratio progressively increased in the lateral zones, whereas they remained constant in the median zone, indicating a marked increase in the proportion of GH cells in clusters in the lateral portions of the gland from puberty to adulthood. Interestingly, in the oldest mice examined (100-dayold), the V͞S ratios returned toward prepubertal values in the lateral zones. Thus, the GH cell system is plastic, and its modification continues well into adulthood.
The increase in cluster density coincided with the process of sexual maturation and the increased activity of the GH axis known to occur at this time (17, 18) . Remarkably, there was an excellent correlation of V͞S ratio with body weight during the second month after birth, and between the onset of cell clustering, and of GH contents measured in pituitaries taken from other groups of age-matched mice (Fig. 3C) . Furthermore, in a group of prepubertally castrated males, the decrease in growth rate after castration (Fig. 3D) , possibly due to diminished GH pulsatility (19) , was associated with a distinct remodeling of the GH cell system, resulting in a virtual absence of large GH cell clusters, but without a significant change in GH cell density in the lateral zones (51.2 Ϯ 3.8% and 50.0 Ϯ 1.6% in sham-operated and castrated mice, n ϭ 12 and 10, respectively, P Ͼ 0.05) (Fig. 3D) . Note that it is the geometry of the GH cell system, rather than the global cell density, that is organized in a way that would promote a more coordinated pulsatile release of GH that accelerates growth at puberty (4, 5) . We suggest that intact GH clusters facilitate GH responses to secretagogues, because disaggregation of the GH system by enzymatic dispersion of mature male pituitaries led to a GH release response to GHRH 8-fold lower than that seen from large assemblies of GH cells preserved in pituitary slices (data not shown).
GHRH Switches on Recurrent Motifs of Cell Connectivity.
To look for functional properties that may underlie the secretory efficiency of the GH system, we monitored cytosolic calcium concentration simultaneously in multiple identified GH cells. Calcium is a critical second messenger for hormone release (20) and is also involved in information transfer between connected cells in many cell ensembles (21, 22) . Multicellular calcium recordings of GH-EGFP cells were performed in acute pituitary slices (Fig. 4 A and B) . To quantify the strength of cell-cell connectivity between GH-GFP cells, the linear correlation (Pearson's R coefficient) was measured between all pairs of GH-EGFP cells loaded with fura-2. Subsequent 5-min-long segments of calcium recordings were analyzed as 5-min window index (Fig. 4C) . Both the length (0.5-2 h) of calcium recordings and the time resolution of R measurements were chosen to approach the time range of pulses of GH release in vivo. In most experiments, GHRH, a selective GH cell agonist that controls the release of GH pulses in vivo (4, 5, 23, 24) , was applied to fields of cells loaded with fura-2.
In control conditions, GH cells displayed calcium spikes that are due to spontaneous electrical activity (22, 25) . Although some GH cell pairs displayed high R values, presumably due to local gap junction coupling (22) , no large-scale cell connectivity was observed during spontaneous calcium spiking (Fig. 4C ) (P Ͻ 0.001). However, a typical pattern of extended cell connectivity responses was prominent when GHRH was applied (15 min) in the lateral pituitary zones, which displayed large GH clusters in mature males. In six of eight fields, the overall number of cell pair connections increased in response to GHRH so that temporally precise calcium spike sequences recurred in synchrony several times; such recurring elements remained obvious, long after agonist application (Fig. 4 D  and E) . We also noted that the average periodicity of recurrent motifs of calcium signals detected in these lateral pituitary zones (28 min, n ϭ 16) corresponded with the frequency of small GH pulses reported in simian pituitaries maintained ex vivo (26) and in pituitary cells that received a single pulse of GHRH (27) . In the mouse pituitary, these wiring patterns that occurred again and again throughout the GH cell system were neither observed in long-lasting (Ϸ2 h) recordings of spontaneous calcium activities without pituitary slice exposure to GHRH (six fields, data not shown, P Ͼ 0.05) nor in GHRH-stimulated GH cells that were dispersed after enzymatic dispersion of lateral pituitary portions (five fields, data not shown, P Ͼ 0.05). These recurring motifs of cell connectivity most likely reflect the predominant response of the GH cell system when a pulse of hypothalamic GHRH invades the gland because the majority of GH cells (Ն80%) are located in the lateral pituitary regions.
GHRH Changes in GH Cell Connectivity Are Spatially Stereotyped.
A distinct GHRH-evoked change in cell connectivity was detected in the median pituitary zone. GHRH triggered a profound and sustained stimulation of calcium spiking (Fig. 5A ) that was associated with a selective increase in cell connectivity between pairs or triplets of neighboring GH-EGFP cells (Fig. 5B ). An example of a responsive cell doublet is illustrated in Fig. 5 D-F where the increase in cell connectivity (Fig. 5F ) followed an initial rise in calcium spike frequency (Fig. 5E ). This result showed in pituitary cells that an agonist triggered both intracellular and intercellular communication mechanisms with different timescales. Surprisingly, the overall number of cell pair connections markedly decreased after GHRH stimulation (Fig. 5 B and C , four of seven different fields, P Ͻ 0.05). These results suggest that GHRH does not simply affect all cells independently in this region but changes the local pattern of cell-cell communication, resulting in small islets of more highly functionally connected GH cells at some points in the system, interspersed with functionally less connected GH cells. This paradoxical reduction would ''sharpen'' the global pulsatile response by minimizing the contribution of less coordinated cell assemblies within the network. Note that the GHRH responses were markedly different in the median zone in comparison with those observed in the lateral zones, indicating that GHRH triggered spatially stereotyped motifs of cell connectivity, which clearly depend on the local geometry of the GH system architecture within different regions of the gland.
GH Cells Form a Functional Cell
Network. This combined morphological and functional analysis of the entire GH population in 3D shows that GH cells actually form a connected homotypic structure that pervades the entire gland. This structure exhibits three of the most shared principles of biological networks (28): robustness of GH network architecture across a mouse's lifetime, modularity of cell positioning (which varies with activity in the GH axis and body growth), and spatially localized patterns of cell-cell communication showing recurring responses to specific stimuli for GH release. Therefore, our results provide strong evidence that GH cells function as a geometry-driven network of cells, connected to each other by adherens junctions.
Moving the focus from single-cell function to whole-organ function is crucial to understanding function at the systems biology level. It is particularly obvious for GH secretion, which clearly requires a high degree of coordination of a large population of individual GH cells to generate a large secretory burst into the blood stream that survives dilution and mixing in the circulation, to deliver a defined pulsatile signal to peripheral tissues (4, 24, 29-31). The conven- tional view of this process is that cell numbers and cell activities can be considered independent responsive elements, with the output some population (e.g., Gaussian) distribution response. However, it probably arises from a 2D view that has missed the higher level organizational properties of the entire GH cell population. We now show that the apparently dispersed secretory elements of the GH system are actually organized to form a structurally and functionally interdependent network and suggest that the proper functioning of the GH cell population depends on the fine tuning of an ''N.A.P.'' triplet involving the number, activity, and positioning of GH cells. This N.A.P. triplet functioning allows for fine tuning of communication mechanisms (22, 32) between large numbers of connected GH cells within a network to produce rapid and synchronized hormone pulses in response to physiological needs.
Networks of Endocrine Cells: Perspectives. Because the GH cell network is plastic and the numbers of GH cells change with physiological demands, there must be mechanisms to replace dying GH cells and to ensure that their replacements find their proper place in the network. Failure of these mechanisms, as in developmental or pathological disruption of the network architecture, may have important deleterious consequences for GH responses. Preliminary observations of the GH network in mice with GH cell hypoplasia and dwarfism showed spatially localized ''broken'' branches of GH cells [i.e., decrease in network robustness (data not shown)], and the breakdown of GH cell organization in 2D is well described in pituitary tumor pathologies associated with dysregulated GH secretion (2) . Therefore, our 3D approach to functional analysis of the GH network could have importance in human pituitary pathophysiology. One can imagine that the development of noninvasive imaging of the present 3D network [e.g., with selective ligands for GH cells for positron-emission tomography (PET) scans] (33) might be useful in diagnosis of some gradually developing GH-deficiency states, such as those after traumatic brain injury (34, 35) or cranial irradiation (36) . GH cell network disruption could well contribute to the uncoordinated GH profiles seen in GHD subjects otherwise described as exhibiting ''neurosecretory dysfunction.''
The combined transgenic, morphological, and functional imaging approaches, used to define the GH cell network characteristics, could readily be applied to other cell types currently thought of as ''heterogeneously distributed,'' not least to other endocrine cell types in the pituitary, and to examine their relationship with other non-endocrine cell types, such as the folliculostellate cell network already described in the pituitary (37) . Moreover, transgenic mice that express fluorescent proteins in other pituitary cell types such as POMC (38) or PRL (I.C.A.F.R. and P. R. Le Tissier, unpublished results) offer similar opportunities to address whether cell networking is a prerequisite for the build-up of large hormone pulses that occur in other systems and over different timescales. For example, one might consider the role of large-scale cell network organization for corticotropin (ACTH) (39) and luteinizing hormone (LH) systems (40) .
Endocrine pituitary cells belong to the widespread ''diffuse endocrine system,'' which was first described Ϸ70 years ago in 2D histological studies (41, 42) . Taking a 3D view of other members of the diffuse endocrine system should reveal organizational features that may be beneficial for their normal function (e.g., how ghrelin cells in the stomach and GI tract coordinate their function) (43) , or may be deleterious in dysfunction (e.g., newly formed neuroendocrine cell foci detected among some common cancers) (44, 45) . How such homotypic networks assemble during embryonic development and are maintained through normal cell turnover and replacement can now be studied by using the approaches described here.
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